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Silicon nanowires can enhance broadband optical absorption and reduce radial carrier collection distances 
in solar cell devices. Arrays of disordered nanowires grown by vapor-liquid-solid method are attractive 
because they can be grown on low-cost substrates such as glass, and are large area compatible. Here, we 
experimentally demonstrate that an array of disordered silicon nanowires surrounded by a thin transparent 
conductive oxide has both low diffuse and specular reflection with total values as low as < 4% over a broad 
wavelength range of 400 nm < X < 650 nm. These anti-reflective properties together with enhanced 
infrared absorption in the core-shell nanowire facilitates enhancement in external quantum efficiency using 
two different active shell materials: amorphous silicon and nanocrystalline silicon. As a result, the core-shell 
nanowire device exhibits a short-circuit current enhancement of 15% with an amorphous Si shell and 26% 
with a nanocrystalline Si shell compared to their corresponding planar devices. 

Solar power, harvested by photovoltaic devices, is an abundant, clean, and renewable energy source. In recent 
years, nanowires have been investigated for improving optical absorption^"^° and collection efficiency^ ^'^^ in 
photovoltaic devices while using less material than planar devices. Bottom up grown nanowires, usually by 
the vapor-liquid- solid (VLS) method, offer a simple and large area compatible method for synthesizing a dense 
array of silicon nanowires on low cost glass substrates. This method also facilitates tailoring of the optical 
properties of the nanowires by independent control of nanowire diameter and length. However, metal catalysts 
introduced during vapor-liquid- solid (VLS) nanowire growth can significantly degrade carrier collection effi- 
ciency^'^^ A number of attempts have been made to circumvent the effect of catalyst impurities on device 
performance such as removal of catalyst impurities after nanowire growth by thermal oxidation or surface 
passivation by an AI2O3 film^^ However, conversion efficiencies of solar cells incorporating bottom-up grown 
nanowires remain relatively low^"^'^'*"^^. Here, we show that disordered Si nanowires surrounded by a thin 
transparent conductive oxide outer shell exhibit both low broadband diffuse and specular reflectance. 
Furthermore, core- shell nanowire devices with both an amorphous Si and nanocrystalline Si absorber shell 
exhibit strong enhancement in external quantum efficiency and short-circuit current compared to planar control 
devices. All nanowires and thin film Si and electrical contacts are prepared by large-area compatible vacuum 
processes on glass substrates, making this approach attractive for large-area, low- material cost production. 

Si nanowires are incorporated into a core-shell nanowire solar cell as illustrated in Figure la. A thin transparent 
ZnO : Al (average radial thickness = 23 nm) layer coats the nanowires and acts as a barrier for 1) isolating the 
nanocluster catalyst introduced during nanowire growth from the active n-i-p shell, and 2) preventing counter- 
doping of the n-type layer by the Al back contact^^. Therefore, the nanowires are not active device absorbers but 
rather provide high aspect ratio structure to the active n-i-p shell surrounding the nanowire where photogenera- 
tion and collection of photogenerated carriers occurs. Two devices are fabricated, one with an amorphous Si 
absorber shell and one with a nanocrystalline Si absorber shell. The results of each device are discussed separately. 
Nanocrystalline Si is a stable thin film material which has an indirect bandgap close to that of crystalline Si 
(—1.1 eV)^°. Furthermore, nanocrystalline Si absorbs infrared light, and can therefore be used in a tandem cell 
configuration with amorphous Si for increasing total broadband absorption. However, like crystalline Si, nano- 
crystalline Si has an indirect bandgap so light absorption is weak in thin films, particularly at infrared wave- 
lengths. Therefore, a light trapping mechanism is essential for maximizing device performance in nanocrystalline 
Si devices. The incident light enters the device through a thin ZnO : Al top contact. The planar control cell which 
has an intrinsic thickness t, as illustrated in Figure lb, is used for comparison. 

Results 

Amorphous Si nanowire shell solar cells. A highly dense array of Si nanowires was grown by VLS method on an 
Al coated glass substrate as shown in the Secondary Electron Microscopy (SEM) image in Figure 2a. The average 
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Figure 1 | Core-shell Si nanowire device architecture, (a) 3D cross-section illustration of the core-shell Si nanowire (NW) device structure. 
The active device region is the radial n-i-p thin film Si shell surrounding the nanowire. Light is incident through the aluminum doped ZnO (ZnO : Al) 
transparent conductive oxide top contact. The intrinsic (i) region is amorphous Si (a-Si) or nano crystalline Si (nc-Si). (b) 3D cross-section illustration of 
a planar control cell. 



nanowire length is 525 nm, and the average nanowire diameter is 
20 nm. The nanowires after coating by a thin ZnO : Al barrier layer is 
shown in Figure 2b, and the final device structure consisting of a 
radial n-i-p shell and ZnO : Al top contact is shown at a 45° tilt-view 
in Figure 2c and as a cross-section (75° tilt- view) in Figure 2d. The 
average total diameter of the n-i-p radial nanowire device is 360 nm 
without top ZnO : Al contact and 440 nm with top ZnO : Al contact. 
The ZnO : Al top contact has an average thickness of 74 nm at the top 
of the nanowires (Figure 2d) and thinner along the vertical sidewalls. 
Due to the higher surface area of the nanowires and thin top contact 
layer, Ag gridlines were necessary to decrease the series resistance of 
the top contact. 

The total (specular and diffuse) reflectance of a core-shell nanowire 
a-Si solar cell and a planar a-Si solar cell is shown in Figure 3a. The 
thickness of the ZnO : Al contact for the planar device was measured 
to be 75 nm ± 5 nm, chosen to satisfy the quarter-wavelength min- 
imum reflectance condition of dn = k/4 for incident light normal to 
the substrate, where d is the thickness of the film and n is the index of 
refraction of the antireflective coating (n ~ 2.0 for ZnO : Al)^\ The 
total reflectance of the planar device exhibits a minimum of 0.5% at \ 
= 550 nm, but is much higher at short (37% eitX = 360 nm) and long 
wavelengths (> 60% for X > 670 nm). In comparison, the core-shell 



NW device structure strongly suppresses broadband reflectance. The 
total reflectance of the core-shell nanowire structure is < 4% over a 
broad wavelength interval of 400 nm < X < 650 nm where absorp- 
tion in a-Si is most efficient, and exceeds 10% only for X > 700 nm. 
Note that the transmission through Al/glass was measured to be zero 
for the entire spectrum so no light is lost to transmission. 

The external quantum efficiency, deflned as the percentage of elec- 
trons collected per incident photon measured under short-circuit con- 
ditions, of the core-shell nanowire solar cell and that of the planar a-Si 
solar cell is shown in Figure 3b. The nanowire device exhibits higher 
external quantum efficiency (EQE) than the planar device over most 
of the wavelength spectrum. The higher EQE can be attributed to 
lower reflectance losses (Figure 3a) in the nanowire device and 
enhanced infrared absorption caused by multiple scattering within 
the nanowire shell. The EQE enhancement ratio between the nano- 
wire device and planar device (i.e., EQE^w/EQEpianar) is as high as 3.2 
atX = 700 nm. The core-shell nanowire device has a lower EQE than 
the planar device only within the wavelength interval X = 500 nm to 
600 nm, which is caused by higher absorption loss in the p^ Si shell in 
the nanowire device. The nanowire device required a 50% longer p^ Si 
deposition than in the planar device to sufficiently cover the nanowire 
side-walls for efficient charge collection leading to higher absorption 




B^re NWs (/'= nif^ 




Figure 2 | Amorphous Si nanowire shell solar cells at different stages of fabrication, (a) SEM image (45° tilt) of an array of bare Si nanowires with an 
average nanowire length of / = 525 nm and average nanowire diameter of 20 nm. (b) SEM image (45° tilt) of an array of nanowires (NWs) surrounded by 
a thin layer of ZnO : Al (b). (c) SEM image (45° tilt) and (d) cross-sectional SEM (75° tilt) of the final n-i-p radial nanowire solar cell with ZnO : Al top 
contact. The intrinsic nanowire shell material is amorphous Si and the average diameter of the total device structure is 440 nm with ZnO : Al top contact. 
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Figure 3 | Performance of amorphous Si nanowire shell solar cells. 

(a) Total (specular and diffuse) reflectance of an amorphous Si (a-Si) 
nanowire (NW) shell solar cell and a planar a-Si control device. The total 
reflectance of the amorphous Si nanowire shell device is < 4% in the 
wavelength interval of 400 nm <X< 650 nm and exceeds 10% only at }^ > 
700 nm. (b) External quantum efficiency (EQE) spectra at zero voltage bias 
of the amorphous Si nanowire shell solar cell (average nanowire length / = 
525 nm). The nanowire device demonstrates higher EQE than the planar 
device for all wavelengths other than the interval X = 500 nm-600 nm. (c) 
/-y characteristic under AM 1.5 global illumination (100 mW/cm^) of the 
amorphous Si nanowire shell solar cell. The nanowire device has a Jsc = 
13.9 mA/cm^ V^, = 0.830 V, FF = 52.4%, and conversion efficiency of rj 
= 6.0%. The device characteristics of the planar a-Si device is Jsc = 
12.1 mA/cm^ V^, = 0.932 V, FF = 57.9%, and rj = 6.5%. 



losses in the p^ region than the planar device. One method to increase 
EQE further is to improve conformal coverage of the p^ Si shell 
around the nanowires, facilitating the use of a thinner p^ Si shell. 

The current density (/) versus voltage (V) measurements under 
solar simulator spectrum (AM 1.5 global) illumination of the a-Si 
nanowire shell device and planar a-Si control device are shown in 
Figure 3c. The nanowire device has a short circuit current density 
(Jsc) of 13.9 mA/cm^ open circuit voltage (Voc) of 0.830 V, fill factor 
(FF) of 52.4%, and conversion efficiency (rj) of 6.0%. In comparison, 
the device characteristics of the planar a-Si device was Jsc = 12.1 
mA/cm^ Voc = 0.932 V, FF = 57.9%, and rj = 6.5%. The short circuit 
current in the nanowire device corresponds to a 15% improvement 
than that of the planar device. The Jsc measured by /-y measurements 
agree to within 3% with the Jsc determined from the integrated EQE 
spectra in Figure 3b, thus verifying the calibration of the measure- 
ment. Further discussion on the device performance of the nanowire 
device is presented in the Discussion section. 

Nanocrystalline Si nanowire shell solar cells. The device 
architecture of the nanocrystalline Si nanowire shell device is the 
same as that of the amorphous Si nanowire shell device (Figure la). 
Arrays of two different average nanowire lengths, / = 525 nm and 
800 nm, are incorporated into core-shell devices. The average 
diameter (with ZnO : Al contact) of the nanowire tip is 574 nm for / 
= 525 nm, and 533 nm for / = 800 nm (Supp. Figure S3d). 

The total reflectance spectra of nanocrystalline Si nanowire shell 
solar cells with two different average nanowire lengths of 525 nm 
and 800 nm, and that of a planar nanocrystalline Si solar cell are 
shown in Figure 4a. The planar nanocrystalline Si device shows high 
total reflectance with values of up to 24% at a short wavelength ofX = 
350 nm and exceeds 40% for X > 700 nm. In comparison, the total 
reflectance of both nanowire devices is < 6% over the wavelength 
range ofX = 400 nm to 650 nm which is slightly higher than that of 
the amorphous Si shell reflectance in Figure 3a. The higher reflec- 
tance of the nanocrystalline Si nanowire shell devices can be attrib- 
uted to less spacing between nanowires for the nanocrystalline Si 
shell device. More specifically, for the same average nanowire length 
(/ = 525 nm), the average diameter of the nanocrystalline Si shell and 
amorphous Si shell devices without a top contact was 475 nm and 
360 nm, respectively. The reflectance of the nanocrystalline Si nano- 
wire shell devices exceeds 10% only for X > 700 nm at which absorp- 
tion in nanocrystalline Si is weak. 

The external quantum efficiency spectra of nanocrystalline Si 
nanowire shell solar cells with an average length of 525 nm and 
800 nm are shown in Figure 4b. The EQE of a planar solar cell 
consisting of a 1 jim nanocrystalline Si intrinsic layer is also shown 
for comparison. Both core-shell nanowire devices exhibit higher EQE 
than the planar device over nearly the entire wavelength spectrum 
(k= 300-1000 nm). Furthermore, the core-shell nanowire devices 
with a longer nanowire length (/ = 800 nm) exhibit higher EQE than 
that of the shorter nanowire length (/ = 525 nm) over all wave- 
lengths, particularly at longer wavelengths between 500-900 nm. 

The J-V curves of nanocrystalline Si nanowire shell solar cells with 
lengths of 525 nm and 800 nm under AM 1.5 global illumination 
(100 mW/cm^) are shown in Figure 4c. The J-V curve of the planar 
nanocrystalline Si solar cell with an intrinsic nanocrystalline Si layer 
thickness of 1 jim is shown for reference for which Jsc = 13.2 
mA/cm^ FF = 54.8%, Voc = 0.42 V, and rj = 3.0%. Both nanocrystal- 
line Si nanowire shell solar cells show strong improvement in Jsc, with 
respect to the planar device: 14.9 mA/cm^ for / = 525 nm and 
16.6 mA/cm^ for / = 800 nm. These values correspond to an enhance- 
ment in Jsc of 13% and 26%, respectively. The other device parameters 
of the shorter nanocrystalline Si nanowire (/ = 525 nm) shell solar cell 
are Voc ^ 0-39 V and FF = 50.3%, resulting in a conversion efficiency 
of rj = 2.9%. For the longer nanocrystalline Si nanowire shell device 
(/ = 800 nm), Voc = 0.37 V, FF = 38.0%, and f] = 2.3%. 
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Figure 4 | Performance of nanocrystalline Si nanowire shell solar cells. 

(a) Total (specular and diffuse) reflectance of nanocrystalline Si (nc-Si) 
nanowire (NW) shell solar cells with an average nanowire length 1 of 
525 nm and 800 nm, and a planar nc-Si control device, (b) External 
quantum efficiency (EQE) spectra of the nanocrystalline Si nanowire shell 
solar cells. The core-shell solar cell with the longest nanowires (/ = 
800 nm) demonstrates the highest quantum efficiency at nearly all 
wavelengths (X = 300 to 1000 nm). (c) J-V curves under AM 1.5 global 
illumination (100 mW/cm^) of the nanocrystalline Si nanowire shell solar 
cells. 



Discussion 

Figure 3 a and 4a shows the total reflectance of core -shell nanowire 
solar cells with two different shell materials, amorphous Si and nano- 
crystalline Si, respectively. One of the drawbacks of bare disordered 
nanowires is that they have high diffuse reflectance at high photon 
energies (e.g. 33% at 2.2 eV) due to diffuse light scattering 8. The 



total reflectance spectra in Figure 3a and 4a experimentally demon- 
strates that low diffuse reflectance can be achieved in disordered Si 
nanowires when coated with a suitably thin transparent oxide layer. 
The ZnO : Al shell acts as an anti-reflective coating with an inter- 
mediate refractive index between that of air and Si (n ~ 2 for 
ZnO : Al), reducing diffuse light scattering by the nanowires. In fact, 
a theoretical study of a single core-shell nanowire consisting of an 
amorphous Si nanowire coated with a thin dielectric has shown that 
this core- shell structure can lead to significant absorption enhance- 
ment compared to an amorphous Si nanowire on its own^^. The oxide 
shell acts as an anti-reflective coating with optimal anti-reflective 
properties when the thickness of this layer is 70 nm. In our study, 
the ZnO : Al thickness at the top of core-shell nanowires is measured 
to be on average 74 nm facilitating the low reflectance observed in 
Figures 3a and 4a. 

These anti-reflective properties and enhanced infrared absorp- 
tion from multiple scattering facilitates the enhancement in EQE 
shown in Figure 3b and 4b. Note that that the EQE of the nano- 
wire device was measured at zero bias, corresponding to the 
higher J^c observed in Figures 3c and 4c, but the overall conversion 
efficiencies in both the amorphous Si shell and nanocrystalline Si 
shell devices are lower than the planar devices due to a drop in Voc 
and FF. A drop in Voc and FF has also been observed in p-n 
junction nanowire solar cells fabricated from mono -crystalline 
^p,23 ^Yiis case, the drop in Voc and FF can be attributed to 
a decrease in minority- carrier lifetime caused by faster surface 
recombination in the nanowire devices than planar devices. 
Similarly, in a p-i-n thin film Si device architecture, V^c is highly 
dependent on carrier recombination at the p/intrinsic region 
interface or within the intrinsic region near this interface^^. 
Therefore, the drop in V^c observed in Figure 3c and 4c can be 
attributed to higher recombination at the p/intrinsic interface due 
to the high surface area of the core-shell nanowire devices. One 
method to minimize the drop in Voc is to reduce the surface area 
by growing sparser nanowires with larger diameter ZnO : Al cores 
or by growing shorter nanowires. Alternatively, recombination at 
the p/i interface can be reduced by introducing a thin graded 
p-type interface layer between the p and intrinsic regions^^. 

The lower fill factor of the nanowire device can be attributed to 
non-conformal coverage of the n^ shell, particularly near the base of 
the nanowires, due to the close proximity of nanowires to each other 
(Figure 2d). Methods to improve fill factor include tailoring the 
deposition conditions of the n+, i, and p^ Si shell layers for better 
conformal growth and slightly increasing spacing between nano- 
wires to reduce shadowing effects between nanowires during shell 
growth. The drop in FF in the nanowire shell devices (Figure 3c and 
4c) can also be attributed to high series resistance in the top ZnO : Al 
contact (particularly for the longer nanowires, / = 800 nm). The high 
surface area of the nanowires increases the sheet resistance of the top 
contact, limiting the use of the long nanowires. For example, the top 
ZnO : Al sheet resistance (without metals grids) increased from 88 
Q/sq. for the planar amorphous Si device to 300 Q/sq. for the 
amorphous Si nanowire shell device. Therefore, reducing the res- 
istivity of the top contact would facilitate the use of longer nano- 
wires for further increasing optical absorption. One method to 
lower the top contact sheet resistance, while maintaining high 
optical transmission, is to coat the top contact with a network 
of Ag nanowires^^. 

In conclusion, we have incorporated disordered Si nanowires into 
a core-shell device architecture using two different active shell mate- 
rials: amorphous Si and nanocrystalline Si. For both devices, the 
core-shell nanowire devices exhibit low total reflectance leading to 
enhancement in external quantum efficiency over a wide range of 
wavelengths compared to a planar control device. As a result, the 
core-shell nanowire device with amorphous Si absorber shell exhib- 
ited 2i Jsc = 13.9 mA/cm^ compared to 12.1 mA/cm^ of the planar 
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device. Similarly, the nanowire device with nanocrystalline Si 
absorber shells showed a Jsc of up to 16.6 mA/cm^ compared to 
Jsc =13.2 mA/cm^ of the planar device. Furthermore, the external 
quantum efficiency of the nanocrystalline Si nanowire shell solar 
cell extends the solar spectrum utilization to wavelengths of up to 
1000 nm, making it promising as the bottom cell in amorphous 
Si/nanocrystalline Si tandem radial junction nanowire solar cell. 
All nanowires and Si shells were grown by conventional large area 
PECVD methods on glass substrates. Therefore, core-shell nano- 
wire solar cells are an exciting alternate to conventional light 
trapping techniques (i.e. surface texturing) for large area photo - 
voltaics. Furthermore, the ability to tailor the optical properties 
of the nanowire device via controlling the nanowire diameter, 
length, and density makes them attractive for other large area 
applications such as image sensors for medical imaging and large 
area photodetectors. 

Methods 

Silicon nanowire preparation. Si nanowires were grown by the Vapour-Liquid-Solid 
(VLS) technique^^ in an rf parallel plate PECVD deposition system^". These 
nanowires were grown on Al coated Corning Eagle XG glass substrates. The glass 
substrates were cleaned, first by immersion in an ultrasonic bath containing acetone 
and then in one containing isopropyl alcohol. Tin (Sn) nanoclusters, formed by 
depositing a 2 nm thick Sn film by e-beam evaporation and annealing in vacuum at 
400 °C for 1 hour, were used as the catalyst for nanowire growth. Nanowires were 
grown using SiH4 source gas diluted in H2 at a pressure of 1400 mTorr and 
13.56 Mhz rf plasma density of 16.4 mW/cml A high H2 dilution of [Hzl/iSiHJ = 
62 was used to suppress the growth of amorphous Si and improve nanowire growth 
uniformity. The nanowires were grown at a substrate temperature of 400°C for 
15-23 min. 

Device preparation. An Al back-contact film was deposited by dc magnetron 
sputtering and aluminum doped ZnO (ZnO : Al) contacts were deposited by rf 
magnetron sputtering. The active thin film Si layers were fabricated by rf parallel 
plate PECVD in a cluster tool deposition system. The device structure was glass/ 
Al(170 nm)/NWs/ZnO : Al(60 nm)/n+/i/p+/ZnO : Al(75 nm). The thickness 
values correspond to those measured on planar substrates. The n"^ layer thickness 
was 50 nm and p"^ layer thickness was 30 nm for all planar devices. Two different 
intrinsic layers were used: a-Si deposited from SiH4 source gas and nanocrystalline 
Si deposited from H2 diluted SiH4 gas. The intrinsic amorphous Si layer was 
prepared using the same conditions using a pressure of 400 mTorr, power density 
of 7.8 mW/cm^ and deposition duration of 30 min. for both the nanowire and 
planar device. The nanocrystalline Si intrinsic layer was deposited under high 
pressure (7 Torr), high power density (0.371 W/cm^), conditions that facilitate 
high deposition rates^*^. The hydrogen dilution ratio was [H2]/[SiH4] = 82 which 
was near the crystalline/amorphous Si transition point. The deposition time of the 
intrinsic nanocrystalline Si film was 35 min. for nanowire devices and 70 min. for 
planar devices. Nanocrystalline n"^ and nanocrystalline p"^ shells were deposited by 
H2 diluted SiH4 with PH3 and B2H6 dopant gases, respectively. The n"^ and p"^ 
shell thickness was the same for every nanowire device. The deposition times for 
the Al back contact and ZnO : Al layers were the same for both the core- shell 
nanowire device and the planar reference device. The deposition time for both the 
n"^ and p"^ nanocrystalline Si shells were longer for the nanowire devices than 
planar devices to improve nanowire side-wall coverage which was required to 
achieve efficient charge collection. The resulting nanowire sidewall radial 
thickness was on average 40 nm for the n"^ shell and 17 nm for the p"^ shell, which 
was determined from SEM images before and after deposition of each shell. Ag 
gridlines were deposited by e-beam evaporation to lower series resistance of the 
top ZnO : Al layer. In addition, a drop of conductive Ag paste was placed on the 
grid line to act as a point of contact for measurement probes. The active area 
defined by the exposed top ZnO : Al contact was 0.44 cm^. 

Optical characterization. The total reflectance (including both specular and diffuse 
components) was measured by a Cary 5000 UV-Vis-NIR spectrophotometer 
equipped with an integrating sphere. The reflectance was calibrated using Labsphere, 
Inc. Spectralon Diffuse Reference Standards prior to measurements. 

Structural characterization. A Leo 1530 field-emission SEM was used for 45° tilt 
SEM measurements and a FEI Magellan 400 high-resolution SEM was used for 
the cross sectional measurement. The cross-sectional sample was prepared using 
a Zeiss NVision 40 cross-beam instrument to mill a 15 |j,m long slice at the edge 
of the sample. Carbon was used as a mask to define the location of the ion-beam 
cut. 

Device characterization. The solar cell devices were characterized by external 
quantum efficiency (EQE) and current density (/j-voltage (V) measurements 
under AM 1.5 global illumination (100 mW/cm^). External quantum efficiency 
(EQE) measurements, under zero bias conditions, were taken on a PV 



Measurements Inc. quantum efficiency system, calibrated using a Si photodiode 
before measurements. JV curves were measured using a Keithley 2400 source 
meter and solar simulator (ABET Technologies SUN 2000 series) system. A 
pre-calibrated monocrystalline Si cell was used for calibration. Note that the 
short-circuit current (/^J for each device determined from the integrated EQE 
measurements agreed within 3% to that of the Jsc measured by the solar simulator 
measurements. 
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